Background Conventional nanofiber forming peptide amphiphiles comprise a beta sheet forming, short peptide sequence with an alkyl chain attached at one terminus. We report the self-assembly of a peptide amphiphile possessing a mid-chain located alkyl substituent (a T-shaped peptide amphiphile) into nanofiber networks.
INTRODUCTION
Peptide amphiphiles (PAs) are a class of materials that self-assemble into nanofibers, provided that certain architectural and physical chemistry conditions are met [1] . PAs generally comprise an alkyl chain attached at the end of a short peptide sequence, with the peptide sequence being capable of forming intermolecular hydrogen bonds, as intermolecular hydrogen bonding drives self-assembly into nanofibers through the formation of hydrophobic associations between the alkyl chains and beta (β)-sheets from the peptide sequences [2, 3] . PA nanofibers in which the PAs possess alkyl substituents located at positions other than the termini of the molecule, such as those having a midchain located alkyl substituent (T-shaped PAs) have not been reported previously and this is the focus of the current report.
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The self-assembly of linear PAs into nanofibers, in aqueous media, as opposed to classical spherical aggregates, is governed by: a) the hydrophobic interaction of the alkyl tails and b) hydrogen bonding among the β-sheet forming peptide segments [2, 3] . The formation of β-sheets drives the selfassembly away from spherical aggregates and towards cylindrical self-assemblies as hydrogen bonding between peptide sequences prevents the amphiphiles from adopting a cone shaped (suitable for spherical aggregates) structure. This is in keeping with Israelachvili's critical packing parameter theory [4] .
Introducing charged amino acids reduces aggregation and/ or results in the formation of spherical or globular aggregates depending on the pH and amino acid sequence which in turn determines the charge distribution, with spherical aggregation due to the electrostatic repulsion between charged amino acid residues [5] .
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Consequently, the final structure and properties of the selfassembly (its size, shape/ interfacial curvature) is a reflection of the interplay between these attractive and repulsive forces [6, 7] . It thus follows that PA self-assembly may be controlled by factors such as the amino acid sequence, concentration of the peptide, pH of the solution, temperature, ionic strength and nature of the solvent [7, 8] .
PA nanofibers have found application in various disciplines [9] including tissue engineering [2, 10, 11] drug delivery [12] and transplantation [13, 14] . For tissue engineering cell scaffold applications, a nanofiber network would be beneficial.
MATERIALS AND METHOD

Synthesis of PAs
PAs were synthesized by 9-fluorenylmethoxycarbonyl (Fmoc) solid phase methods (Scheme 1). See Supplementary material for full details of the methods.
Preparation of nanofibers
Nanofibers were prepared by probe sonication of the peptides in aqueous media. Electron micrographs of PA dispersions were recorded using scanning and transmission electron microscopes.
Coarse grained molecular dynamics (CGMD) simulations were performed to model the self-assembly of the linear PA and T-shaped PA in water. To be able to assess the microsecond timescales required for observation of selfassembly, the MARTINI 2.1 coarse-grained (CG) potential for lipids [15] and proteins [16] were employed, with slight refinement which made it possible to capture the chemistry of the PAs more accurately. See Supplementary material for full details of the methods.
RESULTS and DISCUSSIONS
For the first time, we present data on the self-assembly into nanofibers of a PA possessing a mid-chain located alkyl substituent [GGY(O-Palm)FRL, 3; a T-shaped PA ("T"-PA)], showing that the beta sheet formation is possible with these T-shaped peptides (Fig. 1a and 2a) . Moreover, spectroscopic data (FTIR and fluorescence) obtained for the T-shaped PA showed that this peptide formed beta-sheets similar to the linear PA (see Supplementary material for full details). The T-shaped PA also formed inter-fiber associations and ultimately a nanofiber network at a concentration as low as 0.1% w/v (Fig. 1a and 2a) . The control linear PA, possessing a terminal alkyl chain (Y(OPalm)GGLRF; "L"-PA), formed nanofibers but did not form nanofiber networks (Fig. 1b and 2b) . Electron micrographs ( Fig. 1 and 2) showed that both linear and T-shaped PAs self-assemble into nanofibers at a concentration of 0.1% w/v and the T-shaped PAs formed dense nanofiber networks (Fig. 1a) , while the linear PAs formed individual nanofibers with very few inter-fiber associations (Fig. 1b) .
Furthermore, CGMD simulations of the self-assembly process for both PAs revealed that both PAs formed high axial ratio self-assemblies (Fig. 3) and that the T-shaped PAs self-assembled into branched nanofiber assemblies in all three simulation runs (see Fig. S12 ), whereas the linear PAs only showed some evidence of branching in one out of the three simulation runs (Fig. S14) . In addition, the radial distribution functions (RDFs) for "T"-PA and "L"-PA suggest the formation of antiparallel β-sheets by both PAs (Fig. 4) . The RDFs obtained for both PAs suggest the formation of antiparallel β-sheets as the peak obtained for the interaction of the C-terminus and the N-terminus is sharp, indicating that there is a strong interaction as would be expected for atoms in close proximity [17] .
The molecular simulations data thus confirmed the formation of β-sheets by both the linear and T-shaped PAs and the tendency for T-shaped PAs to form nanofiber networks via inter-fiber associations.
This is the first report of the formation of nanofibers by Tshaped peptide amphiphiles and our data indicate that the peptide epitope is still able to engage in inter-peptide noncovalent interactions (presumably hydrogen bonding and beta sheet formation) even with the T-shaped architecture.
Relatively low concentrations (0.25 -0.5% w/v) of ionic PAs had been reported to self-assemble into nanofiber networks as a result of the lowering of the pH or addition of metal ions [14, 18] . Since network formation by PAs is induced by lowering the pH or the addition of metal ions, this implies that their self-assembly is initiated by the screening of their charges by counter ions in the medium, leading to a reduction in the repulsive forces. Subsequently, other non-covalent attractive forces such as van der Waals, hydrophobic interactions and hydrogen bonding promote close association of the nanofibers to form the nanofiber networks [18] .
Therefore, nanofiber network formation is governed by the chemistry of each individual PA and the extent that this chemistry leads to inter-fiber associations. Chemistries that promote hydrophobic interactions including attraction between hydrophobic tails and hydrophobic amino acids and amino acid interactions including hydrogen bonding or van der Waals attractive forces will promote nanofiber network formation [14, 18] . We add to this list of interactions -the bridging of two nanofibers by one PA molecule (due to the PA architecture) as is envisioned to be happening in this case (Fig. 3a) , which then ultimately leads to the formation of branched nanofibers and nanofiber networks (see Fig. S12 ). Our study is the first to report the formation of nanofiber networks by T-shaped PAs, the formation of nanofiber networks in plain aqueous medium (neutral pH and without the addition of metal ions) and at an extremely low PA concentration (0.1% w/v, 1.05 mM). This network formation is governed by the PA architecture.
The formation of nanofibers, which impede the thermal motion of the solution and resist external shear stress eventually leads to the transition from the liquid state to a self-supporting gel in such PAs [18] .
CONCLUSION
We have demonstrated that changing the position of the alkyl chain in a PA from the terminal end of the peptide to the middle part of the peptide, to form a T-shaped PA, does not disrupt the molecular interactions required for the selfassembly of the PAs into nanofibers. Additionally, the Tshaped PA forms nanofiber networks, while the linear PA forms mostly single nanofibers, and this network formation is attributable to the molecular architecture of the T-shaped PA. Such nanofiber networks may find applications in drug delivery or tissue engineering.
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